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In the frame of the MYRRHA reactor project, the interaction between fuel pellets and the reactor coolant
is essential for safety evaluations, e.g. in case of a pin breach. Therefore, interaction tests between ura-
niumeplutonium mixed oxide (MOX) pellets and molten lead bismuth eutectic (LBE) have been per-
formed and three parameters were studied, namely the interaction temperature (500 C and 800 C), the
oxygen content in LBE and the stoichiometry of the MOX (U0.7Pu0.3O2x and U0.7Pu0.3O2.00). After 50 h of
interaction in closed containers, the pellet integrity was preserved in all cases. Whatever the conditions,
neither interaction compounds (crystalline or amorphous) nor lead and bismuth diffusion into the
surface regions of the MOX pellets has been detected. In most of the conditions, actinide releases into LBE
were very limited (in the range of 0.01e0.15 mg), with a homogeneous release of the different actinides
present in the MOX. Detected values were signiﬁcantly higher in the 800 C and low LBE oxygen content
tests for both U0.7Pu0.3O2x and U0.7Pu0.3O2.00, with 1e2 mg of actinide released in these conditions.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Liquid lead or leadebismuth eutectic (LBE) have been selected
as potential coolant for Generation IV fast neutron spectrum re-
actors. These heavy coolants have been used in Russian nuclear(J.-F. Vigier).
B.V. This is an open access article ureactors for submarine propulsion and present some advantages:
they are much less reactive than sodium and can be operated at
low-pressure due to their high boiling point [1]. In Europe, the
MYRRHA reactor (Multi-purpose hYbrid Research Reactor for High-
tech Applications) is planned to be built. This reactor can be oper-
ated in both critical and subcritical conﬁgurations [2,3]. In the latter
conﬁguration, the reactor is coupled with a proton accelerator and
operated as Accelerator Driven System (ADS), where the LBE
coolant is also used as spallation target for neutron production. Thender the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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nium mixed oxide (MOX) containing 30% of PuO2 [4].
To evaluate the safety performance of the fuel in case of a pin
breach and subsequent LBE contact with MOX pellets, a set of
dedicated interaction tests has been performed in this study. The
main goal of these tests was to check the pellet integrity after the
interaction and to identify potential interaction compounds be-
tween MOX and lead or bismuth. To the best of our knowledge, no
data is available in the literature on MOX interactions with LBE.
Moreover, these experiments generate useful data for more severe
and less probable accidents considering partial core degradation
and fuel dispersion in the reactor. The fuel re-distribution in this
case is evaluated using integral severe accident codes [5]. Experi-
mental data on MOX and LBE interaction phenomena will provide
higher precision about parameters to consider for these predictions.
The interaction tests presented here were performed in closed
containers. The three interaction parameters studied are tempera-
ture (500 C and 800 C), oxygen concentration in LBE (high and low
oxygen content) and oxygen potential of the MOX (stoichiometric
and under-stoichiometric). The following considerations apply.
- The highest cladding temperature at nominal conditions will be
around 500 C [6]. Interaction tests were also performed at
800 C to potentially exacerbate the reaction between MOX and
LBE. Furthermore, the higher temperature is representative for a
partial blockage accident of the coolant in the reactor core as has
been predicted by the safety analysis code SIMMER-IV [6].
- Oxygen concentration in the LBE coolant is an important
parameter for the MYRRHA reactor. A too high concentration
would induce PbO precipitation in the LBE while a too low
concentration could cause dissolution of protective oxide layers
present at the surfaces of the structural materials of the reactor.
In the latter case, the LBE becomes more corrosive for the
reactor [7]. Due to the temperature difference between hot and
cold part of the primary circuit and between cold stand-by and
hot operation condition of the reactor [2], thewindow should be
adjust in any case to avoid PbO precipitation in the cold part and
steel dissolution in the hot part of the circuit [8]. In operating
condition, the window for oxygen concentration in LBE is
around 106 wt.%. Various studies are focused on devices
needed to control the oxygen content in LBE, including gas
phase [8] or solid mass [9] exchangers, and on sensor develop-
ment for on-line oxygen concentration measurement in LBE
[10,11]. In our studies, the interaction tests had to be performed
in closed containers for the safe operation in the gloveboxes.
Therefore, an on-line continuous oxygen content control in the
LBE could not be performed so that the oxygen could not be
ﬁxed to the nominal value to that expected in the reactor. To
study the oxygen concentration effect on interactions, tests
were done in two extreme conditions, with high oxygen content
(saturated with PbO) and low oxygen content (in equilibrium
with the steel of the container) in LBE.
- The fuel in the MYRRHA reactor is under-stoichiometric MOX
U0.7Pu0.3O2x. Nevertheless, it has been shown that the O/M
ratio (M ¼ U þ Pu) can have a strong inﬂuence in the case of
MOX interactions with sodium [12]. Therefore, the tests were
performed using stoichiometric MOX U0.7Pu0.3O2.00 and sub-
stoichiometric U0.7Pu0.3O1.95.
2. Experimental
2.1. Characterization techniques
2.1.1. X-ray diffraction
XRD analyses were performed on the full pellets in order toobtain a material characterisation representative for the pellet
surface. A Bruker D8 Advance diffractometer (Cu Ka radiation,
40 kV, and 40 mA) with a Bragg-Brentano q/2q conﬁguration, and
implanted in a glovebox for radioactivematerial handling, was used
for the analyses. This diffractometer was equippedwith a curved Ge
monochromator (111) and a Lynxeye linear position-sensitive de-
tector. The powder patterns were recorded using a step size of 0.01
across the angular range 10  2q  120. Structural analyses were
performed by the Rietveld method using Jana2006 software [13].
Peak proﬁle ﬁtting was achieved using Pseudo-Voigt functions.
2.1.2. SEM
The pellets after the interaction tests were embedded in a resin,
cut and polished in order to obtain full cross-section. Scanning
electron microscopy was performed using a FEI (Philips) XL 40
equipped with tungsten ﬁlament (an accelerating voltage of 25 kV
was applied) and EDS detector for elemental analysis.
2.1.3. X-ray radiography
X-ray radiography of interaction containers was performed us-
ing a Nikon XT H 225 Industrial CT scanning device. It was equipped
with a 225 kV microfocus X-ray source with 3 mm focal spot size.
2.1.4. ICP-MS analysis
To estimate actinide release from the pellets to the LBE during
interaction, about 100 mg of LBE were extracted and dissolved in
acidic solution after the interaction test for ICP-MS analyses. The
samples were ﬁrst introduced into 1 mL of 65% nitric acid solution
where the metal decomposed rapidly into a yellow powder. 125 mL
of 50% hydroﬂuoridric acid solution were added to the mixture.
Then, the powder was solubilised by dilution of the mixture with
10 mL of water. The ICP-MS analyses were performed on elements
of interest (U, Pu, Am, Fe, Ni, Cr) and on Pb and Bi to deduce the
ratios between LBE and the different elements. The analytical un-
certainty for the elements of interest is 6% and 0.4% for Pb and Bi.
Nevertheless, the uncertainty during LBE extraction and dilution is
difﬁcult to evaluate, and the reproducibility of the experiment has
not been studied. Therefore, ICP-MS results are presented in this
work to give an order of magnitude of the releases in LBE.
2.2. MOX pellets preparation
The MOX raw powder was produced using the gel supported
precipitation technique. This method is known to give a fully ho-
mogeneous solid solution [14] without any milling step before
sintering, as compared to powder metallurgy [15]. This powder has
been pressed into green pellets and was sintered at 1600 C during
8 h. The atmosphere applied during sintering was Ar-4%H2 for the
under-stoichiometric U0.7Pu0.3O2x pellets, and Ar-4%H2 with
2000 ppm H2O for stoichiometric U0.7Pu0.3O2.00 pellets [16]. A
detailed structural investigation of both sintered materials used in
this study is described in Ref. [17]. For each sintering condition, 4
pellets were produced for the interaction studies, and one addi-
tional as reference pellet. The geometrical densities obtained after
sintering are presented in Table 1. One can see that all the densities
are around 95%, with slightly higher values in the case of stoi-
chiometric MOX (95e97%) compare to under-stoichiometric MOX
(93e95%). The lower densities induce higher open porosity and
consequently higher potential interaction with LBE.
Due to decay of Pu-241 into Am-241, the pellets contain some
americium. The actinide composition of the MOX is provided in
Table 2. As this americium content is very low, it is not indicated in
the MOX formula (U0.7Pu0.3O2x and U0.7Pu0.3O2.00) for clarity in
this paper.
After sintering, the MOX has been characterised by XRD analysis
Table 1
Property of MOX pellets after sintering.
Pellet no Interaction reference Weight (mg) Percentage of theoretical density Diameter (mm) Height (mm) O/Ma
1 A5S 317 96.0% 4.098 2.261 2.00
2 A5U 309 93.1% 4.099 2.287 1.95
3 M5S 318 97.0% 4.095 2.241 2.00
4 M5U 290 94.8% 4.097 2.103 1.95
5 A8S 307 95.9% 4.101 2.181 2.00
6 A8U 312 94.9% 4.089 2.275 1.95
7 M8S 307 95.6% 4.102 2.181 1.95
8 M8U 306 94.4% 4.095 2.246 2.00
a Values determined on the reference pellet.
Table 2
Actinide composition of MOX used in this study. The values are in mol.% relative to
the total actinide content (uranium, plutonium and americium).
Actinide ratio Uncertainty
xPu 29.2% ±0.3%
xAm 0.6% ±0.1%
xU 70.2% ±0.3%
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pellets exhibit a single face-centered cubic phase with a lattice
parameter in good agreement with Vegard's law [15]. Due to the
high plutonium content of the MOX (over 20% of actinide content)
under-stoichiometric U0.7Pu0.3O2x pellets exhibit a biphasic
composition at room temperature [18]. The two phases have the
same uraniumeplutonium composition but different O/M ratios
[19]. The O/M ratio in each phase can be calculated using the for-
mula [20]:
a

A

¼ 5:471 0:074yþ 0:32x
where x and y correspond to the general formula (U1yPuy)O2x.
The overall O/M ratio in the material is deduced from phase pro-
portions determined from Rietveld analysis of the XRD data
(Table 3).2.3. Description of interaction experiment
As explained in the introduction, the three interaction param-
eters studied here are the temperature, the oxygen content in LBE
and the nature of the MOX. The eight different interaction tests
conditions are summarized in Table 4.
The interaction between LBE and MOX pellets was performed in
closed containers (Swagelok vessel). The containers consisted of
two chambers separated with a grid. The upper chamber was ﬁlled
with LBE (ca. 10 g in low oxygen content containers and 2.5 g in
high oxygen content containers) and the lower chamber contained
a MOX pellet. Depending if low or high oxygen content was needed
in LBE, the following conditions were applied:
- For low oxygen content, LBE was heated under Ar-4%H2 at
300 C for 12 h and slowly cooled down at 30 C/hour. Then theTable 3
XRD data obtained on stoichiometric U0.7Pu0.3O2.00 and under-stoichiometric U0.7Pu0.3O
Reference pellets Lattice parameter [Å] O/M
U0.7Pu0.3O2.00 5.450 (1) 2.0
U0.7Pu0.3O2x 5.458 (2) 1.9
5.480 (2) 1.9
a The average O/M values are deduced from lattice parameters and phase propositionLBE was cut into small pieces and stored under argon atmo-
sphere. The container used for the interactionwas made of steel
only (see Fig. 1a), which can react with potential traces of oxy-
gen remaining in LBE to ensure very low oxygen content in the
liquid metal. The oxygen concentration reach equilibrium
around 109 wt.% at 500 C and 106 wt.% at 800 C [8].
- For high oxygen content, LBE was heated under air with a hot
plate, resulting in the fast formation of an oxide layer at the
surface of the metal. In order to avoid any contact between LBE
and steel during the interaction tests, which could decrease the
oxygen content in LBE, an alumina container was integrated in
the vessel (see Fig. 1b).
For both conditions, the containers were sealed under an argon
atmosphere and heated in a furnace (implanted in a glovebox) at
500 C or 800 C for 50 h. During heating, the LBE melts, ﬂows from
the upper chamber to the lower chamber and covers the pellet.
After cooling, the effectiveness of the LBE ﬂow was checked in all
experiments using X-ray radiography (see Fig. 2a). Then, containers
are heated in the upside-down conﬁguration at 200 C for 2 h to
remove the LBE from the pellet, which then stays in the other re-
gion of the container (Fig. 2b). The pellets could then be extracted
easily for analysis.
3. Results and discussions
Visual inspection of the pellets under an optical microscope
before and after the interaction tests are presented in Fig. 3. After
interaction, one can observe traces on pellet 2-A5U coming from a
part of LBE remaining stuck at the surface after the test. Droplets of
LBE remained on the surface of pellet 4-M5U. For pellets 7-M8S and
8-M8U, a slight change of colour is observed. Nevertheless, what-
ever interaction conditions were applied, full pellet integrity was
preserved, immediately ruling out all possibilities of a strong re-
action phenomenon between LBE and MOX.
To investigate potential interactions in a more detailed and
precise manner, an XRD analysis was performed directly on the
pellet surfaces. A special sample holder has been designed to
introduce an entire pellet into the XRD device. Due to high X-ray
absorbance of the MOX material, most of the XRD signal (around
90%) came from the ﬁrst 3 mmof the pellets [21]. Despite this lowX-
ray penetration, no interaction compounds are observed at the
surface of the pellets (see Fig. 4 and Fig. 5). The Bi and Pb0.7Bi0.32x reference pellets surface.
Phase proportion Average O/Ma
0 (1) 100% 2.00 (1)
7 (1) 72% 1.95 (1)
0 (1) 28%
.
Table 4
Experimental conditions applied for the different interaction tests.
Pellet no Interaction referencea Interaction parameter Type of containerb Type of MOX
1 A5S 50 h/500 C Alumina U0.7Pu0.3O2.00
2 A5U 50 h/500 C Alumina U0.7Pu0.3O2x
3 M5S 50 h/500 C Metallic U0.7Pu0.3O2.00
4 M5U 50 h/500 C Metallic U0.7Pu0.3O2x
5 A8S 50 h/800 C Alumina U0.7Pu0.3O2.00
6 A8U 50 h/800 C Alumina U0.7Pu0.3O2x
7 M8S 50 h/800 C Metallic U0.7Pu0.3O2.00
8 M8U 50 h/800 C Metallic U0.7Pu0.3O2x
a The notation of the reference corresponds to the type of container (Alumina or Metallic container), the interaction temperature (500 C or 800 C), and the type of MOX
(stoichiometric or under-stoichiometric) respectively.
b Alumina container ensures high oxygen content in LBE. Metallic container ensures low oxygen content in LBE.
Fig. 1. Sketch of the containers used for the interaction tests: (a) metallic container made of stainless steel used for interaction tests with low oxygen contend in LBE and (b) alumina
container used for the interaction tests with high oxygen contend in LBE integrated in Swagelok vessel to ensure tightness.
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droplets remaining at the surface and are consistent with LBE phase
diagram at room temperature [22]. The results of the lattice
parameter reﬁnements are summarized in Table 5. For stoichio-
metric U0.7Pu0.3O2.00 pellets, no signiﬁcant change of latticeFig. 2. X-ray radiography of the interaction vessels (a) after the 50 h interaction test,
LBE and the MOX pellet are both in the lower chamber, the pellet is embedded in LBE
and cannot be distinguished due to the similar densities of LBE and MOX and (b) after
heating for 2 h at 200 C in the upside-down conﬁguration to let the LBE ﬂow away
from the pellet permitting its simple extraction for analysis.parameter was observed between the samples exposed to LBE at
500 and 800 C and the reference pellet, indicating that there was
no signiﬁcant change of the O/M ratio or signiﬁcant PbeBi diffusion
into the MOX. For the under-stoichiometric U0.7Pu0.3O2x pellets,
the material remained biphasic and under-stoichiometric after
interaction, even for the investigations with high oxygen content in
the LBE.
Since XRD analysis is only sensitive to crystalline material, the
possibility of interaction product formation was investigated by
optical and electron microscopy. The optical microscope images of
polished pellet cross-sections are shown in Fig. 6. One can observe
that two pellets exhibit cracks. Those cracks are not necessarily
coming from interaction processes, but can be also due to release of
stress during sintering, cutting or polishing. The LBE layer observed
at the surface of pellet 7-M8S (present at the back of the pellet in
Fig. 3) was not removed to preserve potential interaction com-
pounds trapped between the LBE and the pellet.
SEM/EDS analyses have been performed on the eight pellets at
different regions close to the surface (see Fig. 7a). No interaction
compound containing actinides and lead or bismuth in any of the
pellets was detected (resolution limit around 1 mm). EDS analyses at
the surface excluded Pb or Bi diffusion into theMOX pellets. Even at
the MOX-LBE interface (see Fig. 7b) enabling a better visualisation
of the surface region, no indication of an interaction was observed.
The only unusual observation observed by SEM was the iden-
tiﬁcation of particles containing iron, chromium, nickel and man-
ganese under the LBE at the surface of pellet 7 (Fig. 8). This is
probably due to corrosion of the steel container at 800 C during
the interaction test.
To evaluate further any potential actinide release into LBE
Fig. 3. Optical microscope images before and after the interaction tests in LBE. Pellet numbers are indicated in the picture. Each pellet has a diameter of 4.1 mm.
Fig. 4. XRD patterns obtained from the surface of each stoichiometric U0.7Pu0.3O2.00
pellet after interaction. The XRD pattern obtained from the surface of the stoichio-
metric reference pellet is indicated for comparison as a pellet not subjected to an LBE
interaction. The stars indicate impurities or artefact peaks, which cannot originate
from an interaction compound as they are present on the reference pellet, too. The
unmarked peaks correspond to U0.7Pu0.3O2.00 diffraction peaks.
Fig. 5. XRD patterns obtained from the surface of each under-stoichiometric
U0.7Pu0.3O2x pellet after interaction. The XRD pattern obtained from the surface of
the under-stoichiometric reference pellet not exposed to LBE is also provided. Un-
marked peaks correspond to U0.7Pu0.3O2x diffraction peaks. The broadening and
asymmetry of diffraction peaks is due to the biphasic composition of under-
stoichiometric MOX at room temperature, which leads to diffraction peak overlap.
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Table 5
XRD data obtained from the surface of each pellet after interaction.
Pellet no Interaction reference Lattice parameter [Å] Phase proportion O/Ma
1 A5S 5.449 (1) 100% 2.00 (1)
2 A5U 5.462 (2) 66% 1.93 (1)
5.493 (2) 34%
3 M5S 5.449 (1) 100% 2.00 (1)
4 M5U 5.458 (2) 61% 1.94 (1)
5.486 (2) 39%
5 A8S 5.451 (1) 100% 1.99 (1)
6 A8U 5.462 (2) 79% 1.94 (1)
5.490 (2) 21%
7 M8S 5.449 (1) 100% 2.00 (1)
8 M8U 5.463 (2) 57% 1.92 (1)
5.491 (2) 43%
a The average O/M values were deduced from lattice parameter and phase proportion.
Fig. 6. Ceramography of MOX pellets cross section after interaction with LBE.
Fig. 7. SEM images of MOX pellets cross section after interaction with LBE. The images were taken at the pellet surface. (a) at the MOX resin boundary (representative of all samples)
and (b) the MOX-LBE boundary, obtained when small quantities of LBE remained at the surface of the pellet after the interaction test.
Fig. 8. SEM image of pellet 7 cross section after interaction with LBE. The particle
marked with a star contained iron, chromium, nickel and manganese. No actinides
were detected in this particle.
Table 6
ICP-MS analyses of dissolved LBE samples in acid after the interaction tests. These analyses do not allow discerning between corrosion or erosion effect of the pellet during the
test.
Reference 1-A5S 2-A5U 3-M5S 4-M5U 5-A8S 6-A8U 7-M8S 8-M8U
U þ Pu þ Am (mg/gLBE) 2 24 6 14 13 31 130 197
U/U þ Pu þ Am 92% 70% 70% 70% 69% 65% 71% 68%
Pu/U þ Pu þ Am 4% 29% 29% 29% 30% 33% 28% 31%
Am/U þ Pu þ Am 4% 1% 1% 1% 1% 2% 1% 1%
total U þ Pu þ Am releaseda (mg) 0.01 0.06 0.06 0.14 0.03 0.08 1.30 1.97
% pellet released <0.01% 0.02% 0.02% 0.05% 0.01% 0.03% 0.42% 0.65%
Dissolution/Erosion rateb (nm/h) <1 2 2 4 1 3 43 65
Fe (mg/gLBE) 38 5 26 6 22 13 214 178
Cr (mg/gLBE) 5 1 1 1 1 2 268 138
Ni (mg/gLBE) 9 2 5 3 3 6 5178 2014
a Considering the 2.5 g of LBE for interaction tests in alumina containers and 10 g of LBE for interaction tests in metallic containers.
b Indicative values assuming a homogeneous dissolution/erosion around the pellet surface and assuming this phenomenon constant over the 50 h interaction.
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the tests, dissolved in acidic solution and analysed using ICP-MS
(Table 6). For interaction test 1-A5S, the actinide release was the
lowest and uranium is mainly detected. For all the other conditions,
the ratio between uranium, plutonium and americium detected in
LBE is in good agreement with actinide composition of the MOX
(see Table 2), suggesting a homogeneous release of actinides from
the pellets. The actinide release in most of the cases is in the order
of 10 mg/gLBE. A stronger release was observed for low oxygen
content and 800 C interaction temperature (for both MOX stoi-
chiometries). For these conditions, the corrosive property of LBE
against the steel of the container is observed in agreement with
SEM observations, with the presence of iron, chromium and nickel
in LBE coming from the test container. These results, though pre-
liminary, would appear to indicate that presence of oxygen reduces
the corrosive nature of LBE against the fuel also, just as it does
against the steel.
The amount of actinides released in the LBE remained very low
during the interaction tests. The quantities detected suggest that
less than 0.1% of the pellets are released into LBE in most cases, and
ca. 0.5% for the low oxygen content and 800 C interaction. An
estimation of the dissolution/erosion rate can be deduced from
these results, with values in the range of the nanometre per hour in
most cases and around 50 nm/h for low oxygen content and 800 C
interactions. Nevertheless, this calculation is assuming constant
degradation during the interaction test which cannot be veriﬁed.
The overall consequences for a pin breach and release of actinides
into the LBE will need careful consideration in establishing thesafety case. The presence of fuel in the LBE really needs to be
conﬁrmed and further investigation performed to determine if it is
due to erosion or to corrosion.4. Conclusion
Interaction studies between MOX pellets and LBE were per-
formed in sealed containers with variation of temperature, oxygen
content in LBE and O/M ratio of the MOX as key experimental pa-
rameters. In all cases, the pellet geometrical integrity was pre-
served after 50 h of interaction test. Whatever conditions were
applied, neither interaction compounds (crystalline or amorphous),
nor Pb and Bi diffusion in the MOX has been detected, even at the
ﬁrst micrometres of the pellet surface. In most cases, actinide
concentrations into the LBE during interaction were very limited,
corresponding to a total actinide release in the range of
0.01e0.15 mg. A signiﬁcant increase of these releases appends for
800 C interaction tests at low oxygen content with an actinide
concentration detected in the LBE corresponding from 1 to 2 mg ofactinide in the LBE in these conditions, but whether this is due to
dissolution or eroded particles has to be clariﬁed in future
experiments.
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